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Edited by Miguel De la RosaAbstract This work reports the use of electrospray mass spec-
trometry for studying the conformational dynamics of enzymes
by amide hydrogen/deuterium exchange (HDX) measurements.
A rapid-mixing quench-ﬂow approach allows comparisons to be
made between the HDX kinetics of free enzymes with those
under steady-state conditions. Experiments carried out on car-
boxypeptidase B in the absence of substrate and in the presence
of saturating concentrations of hippuryl-Arg result in HDX
kinetics that are indistinguishable. This ﬁnding implies that the
conformational dynamics that mediate HDX are not signiﬁ-
cantly diﬀerent in the resting state of the enzyme and during sub-
strate turnover.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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It is well established that the native state of proteins is highly
dynamic, with motions that span time scales from picoseconds
to seconds [1,2]. These motions are coupled to thermal ﬂuctu-
ations of the solvent, and they encompass the movement of
individual amino acid residues, all the way to large-scale tran-
sitions aﬀecting the entire polypeptide chain [3–5]. Conforma-
tional plasticity and dynamics have been implicated in many
aspects of protein function. Yet, in most cases the exact rela-
tionship between protein structure, dynamics, and function is
not fully understood [6–9]. Of particular importance is the role
of conformational dynamics during enzyme catalysis. For
many enzymes, the catalytic cycle is initiated with an induced
ﬁt binding event that involves a large scale conformational
change, thereby enclosing the substrate in a cavity where it is
in contact with the catalytically active residues and shielded
from the solvent [10–13]. Following chemical conversion of
the substrate the active site has to open up for product release
to occur [2]. Information on these structural changes is nor-*Corresponding author. Fax: +1 519 661 3022.
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of enzymes recorded in the absence and presence of bound
inhibitors or substrate analogs. In addition to substrate bind-
ing and product release, enzyme dynamics are also thought
to play a central role for the actual catalytic conversion step(s)
[6–9,14–21].
Insights into protein structural dynamics come from a vari-
ety of techniques including computer modeling [7], neutron
scattering [18], and NMR spin relaxation experiments [22]. An-
other important tool that is rapidly gaining in popularity are
amide hydrogen/deuterium exchange (HDX) measurements
by electrospray ionization mass spectrometry (ESI-MS) [23–
26]. In native proteins most of the polyamide backbone forms
secondary structure elements such as a-helices and b-sheets
that are stabilized by C‚O  H–N hydrogen bonds. Back-
bone amide hydrogens may be replaced with deuterium upon
exposure of the protein to a D2O-containing solvent system.
Notably, the occurrence of these HDX events is closely related
to the dynamics of the protein. This is due to the fact that
HDX is mediated by structural ﬂuctuations leading to tran-
sient opening events that brieﬂy disrupt individual hydrogen
bonds and expose the resulting free N–H sites to the solvent.
In the commonly encountered EX2 regime these opening/clos-
ing events occur on time scales ranging from sub-micro to mil-
liseconds, and most exchangeable sites have to cycle through
numerous of these transitions before exchange occurs [27–29].
It is an unresolved question in how far the conformational
dynamics of a free enzyme are diﬀerent from those during cat-
alytic turnover. One could envision an enzyme under steady-
state conditions cycle through a repetitive series of motions
that are linked to substrate binding, chemical conversion,
and product release. In the absence of substrate, the same en-
zyme might be considerably less dynamic, as implied by the
term ‘‘resting state’’ that is commonly used to describe these
conditions [30]. Several previous studies support the notion
of such a mobility enhancement during catalysis [2,31–34].
An alternative view suggests that the thermal motions of en-
zymes are virtually identical in the resting state and during
the catalytic cycle. In this scenario, catalysis can only be per-
formed within the limitations given by the intrinsic dynamics
of the protein [20,23,24,26,35–39].
A considerable diﬃculty in deciding between the two alter-
native models is that much of the previous literature devoted
to this topic is based on rather indirect evidence. The most
obvious strategy for addressing this problem, namely a direct
comparison of conformational dynamics measured in the ab-
sence and in the presence of substrate, has not been practicalblished by Elsevier B.V. All rights reserved.
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Fig. 1. Continuous-ﬂow rapid mixing setup for monitoring the HDX
kinetics of enzymes in the presence and absence of substrate. M1 and
M2 represent mixing tees, thin solid lines represent fused silica
capillary connections, and dashed arrows indicate the direction of
liquid ﬂow. Further details are given in the text.
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tein dynamics extend over relatively long times, typically hours
for most techniques. It is not trivial to prevent the occurrence
of substrate depletion on such a long time scale, considering
the requirement for relatively high protein concentrations
(on the order of 1 mM for NMR and 10 lM for ESI-MS).
For example, at a concentration of 1 mM an enzyme with
kcat = 100 s
1 will cause the complete conversion of 10 M sub-
strate within only a few minutes! Some workers have circum-
vented this problem by resorting to studies on equilibrium
processes, where the reaction ﬂux in the forward direction
matches that in the reverse direction [20,36]. However, this
approach is only feasible in a few select cases, because most
biochemical processes have equilibrium constants that are far
from unity.
The current study explores the use of a customized quench-
ﬂow mixing system for monitoring enzyme conformational
dynamics by HDX/ESI-MS. By employing slightly basic con-
ditions it is possible to follow the exchange of a signiﬁcant
fraction of amide hydrogens within only a few seconds. Owing
to the short duration of the observation time interval it is pos-
sible to provide enzymes with a suﬃciently large amount of
substrate to ensure steady-state conditions during the entire
experimental time window. This approach is utilized to moni-
tor the conformational dynamics of carboxypeptidase B in the
presence and absence of substrate. It is found that the HDX
kinetics of this enzyme under the two conditions are indistin-
guishable, implying that its structural motions are not en-
hanced during catalysis. This result is consistent with the
view that catalytically important conformational dynamics
are intrinsic to the structure of carboxypeptidase B.2. Materials and methods
2.1. Chemicals
Hen egg white lysozyme, porcine carboxypeptidase B, and hippuryl-
Arg (N-benzoyl-Gly-Arg) were obtained from Sigma (St. Louis, MO),
and deuterium oxide was purchased from Cambridge Isotope Labora-
tories (Andover, MA). N,N 0,N00-triacetylchitotriose (NAG3) was ob-
tained from MJS BioLynx (Brockville, ON). All chemicals were used
without further puriﬁcation. pH values were measured with an AB15
pH meter (Fisher Scientiﬁc, Nepean, ON). pD values reported for
D2O-containing solutions were corrected for isotope eﬀects by using
the relation pD = (pH meter reading) + 0.3139a + 0.0854a2, where a
is the atom fraction of deuterium in the solution, a = [D]/([D] + [H])
[11]. All measurements were carried out at room temperature
(22 ± 1)C, unless noted otherwise.
2.2. Rapid mixing HDX/ESI-MS measurements
The experiments were performed by using a custom-built three syr-
inge continuous-ﬂow setup (Fig. 1) [40,41]. The contents of syringe 1
(enzyme in aqueous 250 mM HEPES buﬀer) and syringe 2 (D2O with
or without substrate) were combined at a ﬁrst mixing tee in a ratio of
1:4. The resulting solution had a D2O content of 80% at pD 8.8. This
ﬁrst mixing step serves a dual purpose, it initiates the catalytic conver-
sion by combining enzyme and substrate, and it triggers HDX. After a
variable reaction time another mixing step at a second tee exposed the
enzyme to acidic quenching buﬀer from syringe 3 in a 1:1 ratio
(500 mM KH2PO4/H3PO4), resulting in pH value of 2.6 in the ﬁnal
solution. This solution was collected in a Eppendorf cup, the bottom
tip of which was dipped in liquid nitrogen to cause immediate freezing.
Samples were collected in 100 lL aliquots and stored at 80 C. The
reaction time was determined by the total ﬂow rate from syringes 1
and 2, and by the dimensions of the fused silica capillary (Polymicro
Technologies, Phoenix, AZ) connecting the ﬁrst and the second mixer.
Two diﬀerent inner diameters were used for this capillary connection(75 and 100 lm), with lengths ranging from 3.6 to 76 cm. Reaction
times between 20 ms and 2 s were monitored by varying the total ﬂow
rate after the ﬁrst mixer from 200 to 600 lL/min. Longer time points
were studied in manual mixing experiments. Experiments on carboxy-
peptidase B were carried out in the presence of 0.2 M NaCl in syringes
1 and 2 [42].
The extent of HDX for all samples was measured by LC/ESI-MS on
an 1525l HPLC coupled to a Q-TOF Ultima (Waters). Proteins were
eluted using a water/acetonitrile gradient in the presence of 0.05% tri-
ﬂuoroacetic acid on a self-packed Poros R2(C8) column (Applied Bio-
systems, Foster City, CA), resulting in a protein elution time of less
than 6 min. The column, injector, and the extensively coiled solvent
delivery lines were embedded in an ice-bath. All of the isotopically la-
beled side chains undergo back exchange during the LC step, only deu-
terons bound to backbone amide groups can be retained [29]. Control
experiments on bradykinin revealed that the extent of amide back ex-
change under the conditions used here was 26%. Prior to data analysis
all ESI mass spectra were converted to a mass scale by using the Max-
Ent deconvolution routine provided by the instrument manufacturer.3. Results and discussion
ESI-MS-based studies typically explore the amide HDX
behavior of proteins at near-neutral pH where isotope ex-
change is relatively slow, thus necessitating experimental time
windows of tens of minutes to several hours [23,29]. For the
current work it is important to accelerate the exchange kinet-
ics, such that extensive HDX occurs within seconds. For pD
values greater than 5, HDX proceeds under base catalysis,
such that the overall exchange rate constant (kHDX) in the
EX2 regime can be expressed as kHDX = Kop · kbase · [OD].
In this equation, Kop is the equilibrium constant of the opening
event for a given amide, and kbase is a second-order rate con-
stant [29,43]. Therefore, a pD increase of one unit will acceler-
ate amide isotope exchange by a factor of 10. HDX in the
current work was carried out at pD 8.8, resulting in an accel-
eration of almost two orders of magnitude compared to neu-
tral conditions. At the same time, this value is still within a
range where most enzymes retain most of their catalytic activ-
ity.
As a ﬁrst step, it was evaluated whether the experimen-
tal strategy is suitable for monitoring diﬀerences in the HDX
behavior of enzymes on a time scale of milliseconds to sec-
onds. Lysozyme, a polysaccharide hydrolase, was chosen as
model system for these control experiments. This enzyme
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Fig. 3. HDX kinetics of lysozyme in the presence (open squares) and
in the absence (ﬁlled circles) of the inhibitor NAG3. The left y-axis
displays the experimentally determined mass shift relative to the
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amide hydrogens. It binds competitive inhibitors such as
NAG3 through a network of hydrogen bonds [44,45]. The Kd
value for the lysozyme-NAG3 system is on the order of
10 lM [46], and the protein retains more than 60% activity
at pH 8.8 [47,48]. Previous work has shown that NAG3 bind-
ing induces HDX protection for several amides in the active
site [49,50].
The experimental setup depicted in Fig. 1 was used for com-
paring the HDX behavior of free lysozyme (16 lM) with that
of the enzyme in the presence of a saturating concentration
(400 lM) of NAG3. Extensive isotope exchange was found
to occur during the experimental time window, leading to a
mass increase of roughly 50 Da within 8 s (Figs. 2 and 3). A
semi-logarithmic presentation of the data (Fig. 3, inset) reveals
that the kinetics are non-exponential. This suggests the pres-N
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Fig. 2. Deconvoluted ESI mass spectra of lysozyme recorded at
diﬀerent times after exposing the protein to 80% D2O in the presence
(solid lines) and in the absence (dashed lines) of the inhibitor NAG3.
unlabeled protein. The y-axis on the right displays the corresponding
relative exchange level, corrected for the isotopic composition of the
labeling solvent and the occurrence of back exchange. Inset: Semi-
logarithmic presentation of the data, ln(Sinf  S(t)), where Sinf is the
maximum mass shift of 126 · 0.8 · 0.74 Da for the conditions used
here, taking into account the composition of the labeling solution and
the occurrence of back exchange. S(t) is the measured mass shift as a
function of time.ence of several sub-populations of amide hydrogens that un-
dergo HDX at diﬀerent rates, a ﬁnding that is consistent
with previous NMR studies [5,28,51]. As expected, the mass
shift in the presence of NAG3 is smaller for all time points
studied. The average mass diﬀerence is ca. 2.5 Da, correspond-
ing to 2.5 · 0.81 · 0.741  4 amides that are protected from
HDX due to the presence of the inhibitor. This calculation
takes into account the 80% D2O content of the labeling buﬀer
and the occurrence of 26% back exchange during LC (see Sec-
tion 2). This control experiment conﬁrms that the present
methodology is capable of detecting even relatively small dif-
ferences in the HDX behavior of proteins on a time scale of
milliseconds to seconds.
As a next step we compared the HDX behavior of an en-
zyme in its resting state with conditions under which it was cat-
alytically active. Carboxypeptidase B (306 residues, 34700 Da,
293 backbone amide hydrogens) catalyzes the hydrolysis of
C-terminal lysine and arginine residues. The catalytic cycle in-
volves the polarization of the substrate carbonyl group by a
Zn2+ ion, thereby facilitating nucleophilic attack on the
carbonyl carbon and ultimately resulting in cleavage of the
peptide bond. Hippuryl-Arg is a commonly used test substrate
for carboxypeptidase B, it is hydrolyzed to N-benzoyl-Gly and
free arginine [52]. Members of the carboxypeptidase family un-
dergo major conformational changes during substrate binding
and product release. The most thoroughly studied example is
carboxypeptidase A, for which X-ray structural data have re-
vealed large domain movements upon binding, up to 12 A˚
for some residues [12]. Historically, those experiments pro-
vided the ﬁrst structural perspective of the induced-ﬁt hypoth-
esis initially put forward by Koshland [10]. Carboxypeptidase
B was used for the current work because it was commercially
more readily available. Except for an aspartate residue in the
active site, the structure and catalytic mechanism of the two
proteins are virtually identical [11,53,54]. In control experi-
ments using established procedures [42] it was found that car-
boxypeptidase B at pH 8.8 had an activity of 60% relative to its
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Fig. 5. HDX kinetics of carboxypeptidase B in the presence (open
squares) and in the absence (ﬁlled circles) of the substrate hippuryl-Arg.
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published activity proﬁles [52].
The HDX behavior of 8 lM carboxypeptidase B was probed
in the absence of substrate and in the presence of 3 mM hippu-
ryl-Arg. This substrate concentration is several-fold larger
than the KM value of 0.4 mM [52], thereby ensuring maximum
turnover and steady-state conditions for the entire experimen-
tal time window of 8 s. Based on a kcat value of ca. 10 s
1, it
can be estimated that every enzyme in the reaction mixture cat-
alyzes 80 substrate turnover events during the observation
period [52]. The HDX kinetics of carboxypeptidase B are de-
picted in Figs. 4 and 5. Evidently, the isotope exchange behav-
ior of the enzyme in the presence and in the absence of
substrate is virtually identical for all time points studied. The
diﬀerences between the two data sets do not exceed 1 Da,X Data
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Fig. 4. Deconvoluted ESI mass spectra of carboxypeptidase B
recorded at diﬀerent times after exposing the protein to 80% D2O in
the presence (solid lines) and in the absence (dashed lines) of the
substrate hippuryl-Arg.
Inset: Semi-logarithmic presentation with Sinf = 293 · 0.8 · 0.74 Da.
Additional information is provided in the caption of Fig. 3.which is considered to be within the uncertainty of the exper-
imental method. The same result was found when the experi-
ments were extended to include time points of several
minutes up to one hour (data not shown). This ﬁnding implies
that the conformational dynamics that mediate amide HDX in
carboxypeptidase B are indistinguishable in the resting state
and under conditions of maximum substrate turnover.4. Conclusions
The goal of this study was the implementation of an HDX/
ESI-MS methodology that allows the comparison of enzyme
conformational dynamics in the resting state and under condi-
tions of substrate turnover. Control experiments carried out on
lysozyme and its competitive inhibitor NAG3 show that the
approach developed here is capable of reliably detecting diﬀer-
ences in the isotope exchange behavior of proteins, even if
these diﬀerences only aﬀect a few amides. HDX experiments
on carboxypeptidase B showed no diﬀerence between the con-
formational dynamics measured in the absence of substrate,
and in the presence of a saturating concentration of hippu-
ryl-Arg. This is an interesting ﬁnding, given that the estimated
80 substrate conversion events per enzyme during the experi-
mental time window have to be accompanied by at least as
many conformational transitions linked to substrate binding
and product release. It is noted that the actual number of con-
formational switching events may be signiﬁcantly larger than
that estimated here, because in reality only a fraction of all en-
zyme–substrate encounters will be successful [7,37]. The obser-
vation that the HDX kinetics during catalysis and in the
resting state are indistinguishable strongly suggests that the
conformational dynamics of the enzyme under the two condi-
tions are very much alike. The results of the current study,
therefore, do not support the notion that substrate turnover in-
duces signiﬁcant changes in the overall structural ﬂuctuations
of the enzyme. Rather, our data are consistent with the view
that mechanistically important major conformational transi-
tions also occur in the so-called resting state. Strictly speaking,
it cannot be ruled out that substrate-induced ﬂexibility
increases in certain parts of the protein are compensated by
decreases in other regions, such that the overall HDX charac-
teristics remain unchanged. However, a ﬁnely balanced cancel-
lation scenario of this type appears extremely unlikely.
Y.-H. Liu, L. Konermann / FEBS Letters 580 (2006) 5137–5142 5141In future work it will be investigated in how far the ﬁndings
of this study can be corroborated for other enzymes. It will be
interesting to combine the rapid mixing method used here with
peptide mapping approaches capable of providing spatially-re-
solved HDX information, such that a more detailed picture of
the enzyme conformational dynamics is obtained [23,25,29]. It
is noted that the presence of disulﬁde bridges (carboxypepti-
dase B, for example, contains three –S–S– linkages) leads to
considerable complications when employing traditional pep-
tide mapping techniques. Fortunately, recent work suggests
that these diﬃculties are not insurmountable [55].
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